Abstract Primary production in the eutrophic Baltic Sea is limited by nitrogen availability; hence denitrification (natural transformation of nitrate to gaseous N 2 ) in the sediments is crucial in mitigating the effects of eutrophication. This study shows that dissimilatory nitrate reduction to ammonium (DNRA) process, where nitrogen is not removed but instead recycled in the system, dominates nitrate reduction in low oxygen conditions (O 2 \110 lM), which have been persistent in the central Gulf of Finland during the past decade. The nitrogen removal rates measured in this study show that nitrogen removal has decreased in the Gulf of Finland compared to rates measured in mid-1990s and the decrease is most likely caused by the increased bottom water hypoxia.
INTRODUCTION
Baltic Sea is a large brackish water inland sea with a drainage basin inhabited by approximately 80 million people. High anthropogenic pressure has caused severe changes in the Baltic Sea ecosystem and currently Baltic Sea is one of the most polluted marine areas in the world. Baltic Sea has a hypoxic water zone (O 2 \2 ml l -1 or 90 lM; Diaz and Rosenberg 1995) that covers up to 20% of the total Baltic Sea area (Conley et al. 2002) . Hypoxia has been present in the Baltic Sea since its formation to brackish water basin (approximately 8000 years ago) due to salinity stratification that prevents complete mixing of the water column. However, hypoxia has increased since the industrial revolution in 1850s and the current extent of hypoxia is regarded to be caused by excessive nutrient load from the drainage basin (Zillén et al. 2008) . Hypoxia further fuels eutrophication in the Baltic Sea because hypoxic events enhance phosphorus (P) release from sediment. Increased P availability stimulates primary production, particularly by diazotrophic (nitrogen fixing) cyanobacteria, which in turn causes higher decomposition, depleting oxygen (O 2 ) even more (Vahtera et al. 2007 ). Once hypoxia occurs, it is likely to re-occur and the effects of hypoxia become more difficult to reverse (Conley et al. 2009a) .
Primary production in the Baltic Sea is limited by nitrogen (N) (Kivi et al. 1993; Tamminen and Andersen 2007) and therefore the natural N removal processes in sediments can counteract eutrophication. N can be removed from the water ecosystem by denitrification and anaerobic ammonium oxidation (anammox) processes, where nitrate (NO 3 -) and nitrite (NO 2 -) are reduced to dinitrogen gas (N 2 ). Both processes are anoxic, but coupled to NO 3 -producing nitrification process, which requires O 2 . Therefore, anoxia decreases sediment N removal rates. Denitrification dominates N removal in the Baltic Sea sediments and anammox, despite its periodic occurrence, is not regarded a major NO 3 -reduction pathway (Hietanen 2007; Hietanen and Kuparinen 2008; Jäntti et al. 2011) . NO 3 -can also be reduced in a dissimilatory nitrate reduction to ammonium (DNRA) process, in which NO 3 -is converted to ammonium (NH 4 ? ) instead of N 2 (Jørgensen 1989; Christensen et al. 2000) . DNRA enhances vicious cycle of eutrophication because N, instead of being removed, is recycled in a bioavailable form.
Denitrification in the Baltic Sea sediments has been found to be tolerant against short-term anoxia (Hietanen and Lukkari 2007) , but the effects of prolonged hypoxia and anoxia on N cycling are not known. DNRA has been suggested to be an important process in the Baltic Sea sediments in low O 2 conditions (Kuparinen and Tuominen 2001; Karlson et al. 2005; Hietanen 2007 ) but direct rate measurements have been lacking. The purpose of this study was to investigate the effect of persistent hypoxia on benthic denitrification and DNRA processes in the Baltic Sea sediments.
MATERIALS AND METHODS

Sampling and Incubations
Samples were collected onboard R/V Aranda (Finnish Environmental Institute) during three cruises in [2008] [2009] (Table 1) . In May 2008, several of the Gulf of Finland stations sampled in 1990s by Tuominen et al. (1998) were re-sampled. In June 2008, the sampling stations were located along an O 2 gradient in the northern Gulf of Finland. In June 2009, the samples were collected from Gulf of Finland, Baltic Proper and southern Baltic Sea (Fig. 1 ). Temperature and salinity were recorded using a CTD (SeaBird911plus, Sea-Bird Electronics, Inc., Bellevue, WA). Sediment was collected in acryl plastic cores by using a twin corer with sediment and water in each core. The O 2 , NO 3 -, and NH 4 ? concentrations in the bottom water were measured by withdrawing a water sample from approximately 5 cm above the sediment surface in a core. The losson-ignition (LOI%; combustion at 550°C for 3 h), reflecting sediment organic content, was measured from the top 1 cm of the sediment. For the process measurements, each large core was sub-sampled into three or four smaller acryl plastic cores (Ø 26 mm, height 20 cm), so that there was approximately 5 cm of sediment and 13 cm of water in each subsample. The remaining volume was filled by caps, leaving no headspace in the cores. The sediment samples from different casts were randomized for the treatments in which they were enriched with potassium nitrate (K  15 NO Sigman et al. (1997) and Holmes et al. (1998) . First, the NH 4
? concentration of the samples was determined (Solorzano 1969) to ensure an optimal amount of NH 4
? (1-7 lmol N) for the extraction. The samples were then placed in 100 ml bottles, the salinity of the samples was adjusted to 30 with sodium chloride (NaCl), 1 g of magnesium oxide (MgO)/100 ml of sample was added, and the pH was set to 11 with 10% sodium hydroxide (NaOH). The NH 4 ? was extracted in diffusion packets [an acidified (30 ll 4 N phosphoric acid (H 3 PO 4 ) fiberglass filter (Whatman, GF/D, diameter 5 mm, Whatman, Maidstone, Kent, UK) between membrane filters (Millipore LCWP 02500, Millipore, Billerica, MA)]. After adding a diffusion pack and increasing pH, the bottles were immediately closed and sealed with Parafilm (American Can Company, Greenwich, CT) and polytetrafluoroethylene (PTFE)-coated screw caps. The bottles were incubated upside down for 14 days in room temperature (22°C) on a shaker table (150 rpm). The NH 3 diffusion was done in room temperature to minimize the dissolved organic nitrogen (DON) blank, although it is a compromise with lower NH 4
? recovery (Holmes et al. 1998 ). However, in tracer studies, the fractionation caused by incomplete recovery is insignificant (Mathieu et al. 2007 ) and therefore the lower temperature was chosen for the incubation. After incubation, the diffusion packets were removed, rinsed with 10% hydrochloric acid (HCl) and MilliQ-water (Millipore), and placed on a desiccator under sulfuric acid (H 2 SO 4 ) atmosphere to dry. After 2 days, the packets were disassembled and the fiberglass filters were packed into silver foil cups (Elemental Microanalyses Ltd, Toft, Cambridge, UK). The isotopic ratio of the extracted N was analyzed using Europa Scientific 20-20 EA-IRMS in IsoAnalytical laboratories in Crewe, Cheshire, UK.
Calculations and Statistics
Denitrification rates were calculated by using the isotope pairing technique (IPT), which can differentiate denitrification that is based on NO 3 -available in the bottom water (D w ) from the coupled nitrification-denitrification (D n ) (Nielsen 1992 (Risgaard-Petersen et al. 2003 , 2004 . In these samples, the in situ denitrification rates showed no concentration dependence, confirming that the anammox process was not active and the assumptions behind the calculations for denitrification were met. In such case, all the samples are considered replicates despite the different amount of 15 NO 3 -added. The DNRA rates were calculated according Christensen et al. (2000) , where the 15/14 N ratio of the NO 3 -consumed is assumed to be similar to the 15/14 N ratio of N 2 produced by denitrification because DNRA and denitrification occur at the same anoxic sediment layer. This method, similar to the IPT, also differentiates between DNRA that is coupled to nitrification (DNRA n ) and the DNRA based on NO 3 -in the bottom water (DNRA w ). In our data, the in situ DNRA rates showed no concentration dependence and therefore it can be assumed that the NO 3 -consumption by denitrification and DNRA were proportional to each other and the assumptions behind the calculations were met. Similar to the IPT samples, all DNRA samples are considered replicates despite the different amount of 15 NO 3 -added. The correlations between the environmental parameters, DNRA, and denitrification were determined using the Spearman's correlation analysis and deemed significant when p \ 0.05. The curve describing the correlation between the DNRA/denitrification ratio and O 2 concentration was fitted by using Sigmaplot software (Systat Software Inc. Chicago, IL).
RESULTS
Denitrification and DNRA
Denitrification (38-1619 lmol N m -2 day -1 ) and DNRA (33-1060 lmol N m -2 day -1 ) rates exhibited large variability between stations, but there was a clear pattern of high DNRA and low denitrification rates when the O 2 concentration was below 110 lM (Table 1; Fig. 2 ). 55-95% of the NO 3 -used in denitrification and DNRA was provided by the coupled nitrification ( (Table 2) . No correlation was found between the DNRA w and NO 3 -, and the lack of correlation was probably caused by the low total DNRA rates in stations where the percentage of DNRA based on NO 3
-from the bottom water was the highest (Table 1 ). The dominance toward DNRA increased below 110 lM O 2 . Although the correlation between the denitrification/DNRA ratio and O 2 appears to exponential (Fig. 2.) , it was statistically significant (p \ 0.05) as a linear function (Fig. 2) . Only the station HBP137 in southern Baltic Sea differed from this trend and it was excluded from the curve fitting (Fig. 2, circled) .
DISCUSSION Denitrification
Denitrification takes place under anoxic conditions when its substrates, organic carbon and NO 3 -, are available (Kemp et al. 1990; Sloth et al. 1995; Hietanen and Kuparinen 2008) . However, in this study the concentrations of these substrates did not correlate with denitrification rates, suggesting that they do not limit denitrification in the open Gulf of Finland in spring/early summer (Table 2) .
A positive correlation between denitrification and NH 4 ? concentration (Table 2 ) has been observed also in the coastal Gulf of Finland sediments (Jäntti et al. 2011) . High NH 4 ? availability can indirectly stimulate denitrification by feeding the coupled nitrification process (Jäntti et al. 2011) . NH 4 ? accumulation is also an indicator of increased mineralization that supplies denitrification with labile organic carbon. High NH 4
? and O 2 concentrations are likely to be the reason for the extremely high denitrification rate observed in station XV-1 in the eastern Gulf of Finland (Table 1 ). In addition, the Marenzelleria spp. (invasive benthic polychaete) were present for the first time in 2008 in station XV-1 (J. Norkko, pers. comm.), which may have stimulated denitrification by increasing the oxic-anoxic interfaces in the sediment.
The denitrification rates in the Gulf of Finland in May 2008 were, with the exception of station XV-1, lower than the coastal Gulf of Finland values in that same spring (Jäntti et al. 2011 ) and lower than spring denitrification rates measured in the mid-1990s (Tuominen et al. 1998) . The rates were higher in June, probably because mineralization of the spring bloom had progressed, but even then denitrification in the hypoxic station ST1 remained low (Table 1) . The denitrification rate in the hypoxic station HBP137 in the southern Baltic Sea was higher than in the hypoxic Gulf of Finland stations, but lower than in oxidized stations in the area (Deutsch et al. 2010 ). In the two stations close to each other in the Baltic Proper (LF1 and HAS), both DNRA and denitrification rates were low. The station HAS had Beggiatoa spp. and laminations started immediately below sediment surface, indicating prolonged anoxia at the station. Therefore, the detected O 2 must have entered the area only recently, and the NO 3 -reducing bacteria were possibly still adapting to the change in the redox conditions.
Nitrification
In anoxic conditions, nitrification cannot proceed, the coupled nitrification-denitrification pathway is shut down, and NH 4
? accumulates in the bottom water of the Baltic Sea (Fig. 3c ) (Kuparinen and Tuominen 2001 ? cannot be utilized by nitrification due to low O 2 availability. The total nitrification rates were not measured in this study, but active nitrification in the hypoxic stations was indicated by the high coupled nitrification-DNRA rates and presence of NO 3 -in the bottom water despite the low O 2 concentrations (Table 1 ). In addition, the DNRA rates were high in some stations but no accumulation of NH 4
? was observed until June when the sediment organic content increased; hence nitrifiers must have actively oxidized NH 4 ? to NO 3 -. Nitrification rates measured in the coastal Gulf of Finland show a seasonal pattern of highest potential for nitrification occurring in spring. However, the low availability of NH 4
? limits nitrification keeping the in situ rates low. The in situ nitrification rates increase during summer, but the potential for nitrification decreases (Jäntti et al. 2011) , probably because nitrifiers have to compete for O 2 with heterotrophic bacteria, which are mineralizing the organic matter sedimented from the spring bloom. The competition for O 2 between nitrifiers and heterotrophic bacteria probably intensifies in hypoxic conditions prevailing in the sediments of the open sea, and nitrification can be expected to decrease more than in the coastal sediments that do not suffer from such severe O 2 depletion. Hence, in the open sea sediments, NH 4
? does not accumulate in spring despite the high DNRA rates, because mineralization rates are low and NH 4
? is actively oxidized to NO 3 -by nitrification. In summer, the production of NH 4
? by mineralization increases, and the competition for O 2 between nitrifying and heterotrophic bacteria intensifies, decreasing nitrification. The NH 4
? accumulation is then caused by the combined effects of DNRA, increased mineralization, and decreased nitrification.
DNRA
The dominance of DNRA over denitrification in NO 3 -reduction clearly increased below the 110 lM (2.4 ml l -1 ) O 2 concentration (Fig. 2) . DNRA has been shown to increase in high organic carbon concentrations, especially when the availability of NO 3 -is low, and to diminish in relation to denitrification once the organic carbon to NO 3 -ratio decreases (Kelso et al. 1997; Christensen et al. 2000) . The DNRA rates in this study were high despite the low sediment organic content and relatively high NO 3 -availability in the bottom water (Table 1 ). The high rates may be explained by the use of H 2 S as an electron donor in DNRA (Sørensen et al. 1980; Brunet and Garcia-Gill 1996) . This is also supported by the presence of Beggiatoa Fig. 3 Nitrogen cycling in sediments when the bottom water is oxic (a), hypoxic (b), and anoxic (c). See text for details spp. filaments at the sediment surface in hypoxic stations. Beggiatoa spp. are sediment-bound, continuously gliding filamentous bacteria that can be chemolithoautotrophic or chemolithoheterotrophic, and occupy interfaces between oxic and sulfidic conditions (Schulz and Jørgensen 2001) . Although the elemental sulfur (S 0 ) oxidation with O 2 is a better known pathway for Beggiatoa spp., some species of Beggiatoa can reduce NO 3 -to NH 4 ? with H 2 S (Sayama et al. 2005) . Beggiatoa spp. were also present in the station HAS in the Baltic Proper, despite the relatively high O 2 concentration. As suggested earlier, the O 2 conditions in that area may have improved only a short time before the sampling, and the low DNRA rates measured at that station may have been caused by O 2 inhibition, since Beggiatoa spp. only tolerate very low levels of O 2 (Schulz and Jørgensen 2001) .
The Effect of Hypoxia on Nitrogen Cycling
The O 2 concentration in the bottom water and the O 2 consuming processes within the sediment determine the penetration of O 2 into the sediment. When the bottom water is oxic, O 2 penetrates few mm into the sediment and nitrification is converting the NH 4
? to NO 3 -in the oxic layer. Deeper in the sediment, the oxidized zone, characterized by high concentrations of oxidized inorganic compounds (i.e., NO 3 -, Mn 4 ? , Fe 3 ? ), is present with denitrification proceeding in this zone (Kristensen 2000) . H 2 S accumulates only deeper in the reduced sediment (Fig. 3a) . In such conditions, short term decreases in bottom water O 2 can even stimulate denitrification by shortening the physical distance between NO 3 -production and reduction (Hietanen and Lukkari 2007) . If the bottom water is persistently hypoxic and the O 2 consumption within the sediment surface is high, the oxidized zone, where conditions for denitrification are favorable, is lost (Kristensen 2000) . In such conditions nitrification is still proceeding, but DNRA dominates NO 3 -reduction and N is remains in the system (Fig. 3b) . The coastal areas, which at least in the Gulf of Finland have low DNRA rates (Jäntti et al. 2011) , do not establish the nitrification-DNRA cycle, because hypoxia in the coastal areas is typically a seasonal, late summer phenomena, with normal O 2 conditions returning at autumn turnover. In long-term anoxia, the oxidized surface layer is completely lost, benthic nitrification ceases, and NH 4
? is released from the sediment (Fig. 3c) .
The changes in N removal in increasing hypoxia have remained speculative in the Baltic Sea (Conley et al. 2009b) . A negative correlation between the dissolved inorganic nitrogen (DIN) pool and the volume of hypoxic water has been found in the Baltic Proper, Gulf of Finland, and Gulf of Riga (Vahtera et al. 2007; Savchuk 2010), suggesting that N removal intensifies with increasing hypoxia. However, while hypoxia has spread and intensified since the mid-1990s, sediment denitrification rates have not increased but instead decreased in the open Gulf of Finland. Many of the stations where denitrification was measured in the mid-1990s were sulfidic in 2008 and 2009, making re-sampling futile, as no denitrification could take place due to the absence of NO 3 -and inhibition by H 2 S. The negative correlation between DIN and volume of hypoxic water cannot be explained by increased coastal denitrification either, because the coastal benthic denitrification rates, measured in oxidized sediments in [2008] [2009] , also show a decreasing trend when compared to rates measured in 2003 -2004 (Hietanen and Kuparinen 2008 Jäntti et al. 2011) .
The only explanation for the proposed increased N removal during extensive hypoxia (Vahtera et al. 2007) would be that it takes place in the water column rather than in the sediments. However, the importance of water column N removal in the Baltic Sea is controversial. Some studies show that denitrification in the Baltic Proper water column is not an important sink for N (Shaffer and Rönner 1984; Brettar and Rheinheimer 1992) . Other studies have found high denitrification potential (Hannig et al. 2007; Hietanen et al. 2012 ), but no NO 3 -has been available at the depths where the highest potentials were found. In the Gulf of Finland the water column N removal cannot be important, even if the process could be active below halocline, because the average depth of the Gulf is 38 m and the halocline is located around 60-80 m, leaving very little volume for hypoxic water (Alenius and Hietala 2008) . Therefore, the lower N:P ratio caused by more intense N removal in hypoxia does not apply for the Gulf of Finland. Based on the results presented here and in other studies (Lehtoranta 2003) , the lowered N:P ratio is caused by massive P release from the sediments, not by increased N removal during hypoxia and anoxia.
Despite the decreased N removal in the sediments and unchanged N load, there has not been accumulation of N in the water column of the Gulf of Finland (HELCOM 2009). Hence, N must be either transported away from the Gulf of Finland or buried in the sediments. Trends in N burial have not been studied in the Gulf of Finland, but organic matter burial in general increases in low O 2 concentrations. In addition, the burial of phosphorus (P) in the Baltic Sea takes place mainly as organic P, with increased burial under hypoxic and anoxic conditions (Mort et al. 2010) . It is likely that organic N is similarly increasingly buried, instead of mineralized, when hypoxia and anoxia settle in.
The increase in hypoxia in the Gulf of Finland, which has decreased denitrification rates from mid-1990s, is partially caused by the hydrography of the Baltic Sea. From 1977 to 1992 no major salt water inflow events from the North Sea occurred, which worsened the O 2 conditions in the main basins of the Baltic Sea. The hypoxic area reached the western parts of Gulf of Finland, but in the central and eastern parts of the Gulf of Finland the halocline weakened, allowing complete mixing of the water column and the sea floor was oxidized annually. In 1994, the major inflow entered the Gulf of Finland, the halocline re-established, and the O 2 conditions in the Gulf of Finland became and have remained poor since. Hence, in addition to seasonal variation, the sediment N removal capacity in the Gulf of Finland also shows inter-annual variation, which is dependent on the long-term O 2 conditions related to the strength of the halocline.
CONCLUSION
The sediment denitrification in the Gulf of Finland has substantially decreased from the rates measured in mid1990s. Hypoxic stations particularly have low denitrification rates and NO 3 -reduction is dominated by DNRA process, where N is not removed but instead recycled in a bio-available form. The observed negative correlation between DIN and the volume of hypoxic water in the Baltic Sea cannot be explained by more intense denitrification in the sediments and the only plausible explanation for the negative correlation is more intensive N removal in the water column. In the Gulf of Finland, however, the volume of hypoxic water is small, and therefore the water column denitrification cannot be an important sink for N. As the N concentration in the Gulf of Finland has not increased despite decreased denitrification and unchanged N load, N is either transported away from the Gulf of Finland or, more likely, buried as organic N.
